The characterization of an isolate of swine infertility and respiratory syndrome (SIRS) virus (ATCC VR-2332) is reported. A commercial cell line (CL262 1) was used for the propagation of the virus for all assays. Laboratory studies indicate that this isolate is a fastidious, nonhemagglutinating, enveloped RNA virus. Cesium chloride-purified virions visualized by electron microscopy were spherical particles with diameter of 62 nm (range: 48-83 an average nm) and a 25-30 nm core surrounded by an envelope. Virus rep1ication was restricted to the cytoplasm, as demonstrated by immunofluorescence. The virus did not react serologically with antisera to several common porcine viruses or with antisera to known viruses in the alphavirus, rubivirus, pestivirus, and ungrouped lactic dehydrogenase virus genera of the Togaviridae. However, convalescent sow sera and rabbit hyperimmune sera neutralized the SIRS virus at titers of 1:256 and 1:512, respectively. The virus was stable at 4 and -70 C, but was labile at 37 and 56 C. The properties of this isolate of SIRS virus resemble those of the family Togaviridae but do not match the described genera.
In 1990, investigators at the South Dakota State University and the University of Minnesota demonstrated the transmission of the respiratory form of swine infertility and respiratory syndrome (SIRS) by intranasal exposure of gnotobiotic pigs to unfiltered or filtered tissue homogenate derived from piglets in herds with SIRS. These experiments provided the first evidence that SIRS is caused by an infectious agent (Collins et al.: 1990, Abstr Conf Res Workers Anim Dis #2). 2 These same tissue homogenates were used to experimentally induce reproductive disorders in sows exposed at 93 days of gestation (Christianson et al.: 1991, Abstr Conf Res Workers Anim Dis #269). 2 Efforts to isolate the SIRS virus in primary pig lung, primary pig kidney, and swine testis cells were unsuccessful. However, a cytopathic virus was isolated using the continuous cell line CL2621. 3 The SIRS virus originally isolated in CL2621 is designated ATCC VR-2332 (hereafter referred to as VR-2332) and is the subject of this report. Before laboratory studies of this SIRS isolate were done, experiments using this isolate to reproduce the swine infertility and respiratory syndrome were conducted. These experiments fulfilled Koch's postulates and clearly established a causal relationship between the VR-2332 isolate and SIRS (Christianson et al.: 1991 , Abstr Conf Res Workers Anim Dis #269). 3 This study represents the first report on the characterization of a SIRS virus (VR-2332) in the United States.
Materials and methods
Cells. Crandell feline kidney (CRFK), monkey kidney (MA-104), and CL2621a cells were grown at 37 C in appropriate cell culture flasks. The CRFK and MA-104 cells were propagated in Eagle's minimum essential media b (MEM) supplemented with 10% gamma-irradiated fetal bovine serum (FBS), c 1% penicillin-streptomycin, and 2.5 µg/ml of amphotericin B. The CL2621 cells were propagated in the same medium supplemented with a different source of 10% FBS b and 50 µg/ml of gentamicin. The FBS and cells were confirmed free of bovine virus diarrhea virus (BVDV) using previously described methods. 9, 4, 15 VR-2332 isolate (SIRS virus) source. The source and isolation of the SIRS virus have been recently described. 3 Virus used in this study was from the fifth to seventh passage in CL2621 cells with titers of 10 s -10 6 TCID 50 /ml.
Other viruses. Attenuated poliovirus d was propagated on MA-104 cells to a titer of 10 8 TCID 50 /ml, and the Shope strain of pseudorabies virus e was grown on CRFK cells to a titer of 10 5-7 TCID 50 /ml. These viruses were used as RNA and DNA virus controls in studies to determine the nucleic acid type of the VR-2332 isolate of SIRS virus.
Antisera to VR-2332 isolate. Passage 5 of the VR-2332 isolate of SIRS virus (titer 10 6 TCID 50 /ml) was inactivated with 0.25% formalin and mixed 1:1 with Freund's incomplete adjuvant, and a rabbit was injected subcutaneously with 2 ml of this suspension at 2-wk intervals for 6 wk. Antisera prepared 2 wk after the last injection had a 1:512 neutralizing titer.
Virus neutralization test (VNT). The CL2621 cells were
seeded in flat-bottom 96-well microtiter plates for the VNT. Serial 2-fold dilutions of each serum (100 µ1) were prepared in MEM diluent and mixed with an equal volume (100 µ1) of isolate VR-2332 containing 100-300 TCID 50 / 100 µ1. Each mixture was incubated at 37 C for 1 hr, and 200 µ1 of each serum-virus mixture was added to duplicate wells. Microtiter plates were incubated for an additional 3 days at 37 C and examined by light microscopy for cytopathic effects (CPE), and the end point titer was expressed as the reciprocal of the highest serum dilution that neutralized CPE. The following polyclonal antisera, unless indicated otherwise, were prepared in our laboratory as described for the VR-2332 isolate (except viruses were not inactivated) and were used in the VNT: the Miller strain of transmissible gastroenteritis; porcine rotavirus serotype 4 (Gottfried); porcine rotavirus serotype 5 (OSU); porcine reovirus serotype 1; porcine enterovirus serotypes 1-8; e monoclonal antibody to porcine parvovirus; f encephalomyelocarditis virus; g pseudorabies virus; e Eastern, Western, and Venezuelan equine encephalitis viruses; h monoclonal antibody D89 to BVDV; 14 equine arteritis virus; e rubella; h and lactic dehydrogenase virus. i Direct electron microscopy (DEM). Cesium chloride gradient fractions were examined by DEM for virus particles as previously described 1, 8, 13 and were examined on an electron microscope j at a potential of 75 kV.
Immune electron microscopy (IEM). Immuno-gold labeling was done using goat anti-rabbit IgG gold colloidal particles (5 nm). k Virus was concentrated at 40,000 x g for 30 min at 4 C; the pellet was resuspended in 50 µ1 of distilled water, and 25 µ1 of solution was placed on a piece of parafilm. A collodion-carbon-coated grid was floated on the drop of virus for 15 min, blotted dry with filter paper, and placed on a 25-µ1 drop of rabbit anti-SIRS sera for 2 min. Grids were washed in 2 changes of 0.1% bovine serum albumin (BSA)-Tris buffer for 5 min each and floated for 15 min on a drop of gold-labeled anti-rabbit IgG. After 6 washes in BSA-Tris buffer for 2 min each and 2 washes in distilled water, the grids were negatively stained and examined as described for DEM.
Hemagglutination test (HAT). The ability of VR-2332
isolate to hemagglutinate sheep, goat, swine, cattle, mouse, rat, rabbit, guinea pig, human type O, duck, and chicken erythrocytes was determined using standard methods. Twofold dilutions of the fifth to seventh passage of the VR-2332 isolate of SIRS virus were prepared in phosphate-buffered saline (pH 7.2-7.4) in U-bottom microtiter plates. Equal volumes of a 1% suspension of washed erythrocytes from each of the above species were added to each virus dilution; incubated at 4, 22, or 37 C; and read after l-2 hr when erythrocyte controls (containing no virus) had settled into a button on the bottom of the well.
Immunofluorescence (ImF). Indirect or direct ImF staining of isolate VR2332 infected and uninfected CL2621 cells was done using the polyclonal or monoclonal antibodies tested by VNT. Swine influenza e (type A, H1N1) and hog cholera virus polyclonal antisera" were also used. Scrapings of the cell monolayer were removed at 72 hr postinoculation (PI) with a sterile inoculating loop, and ImF staining was performed as previously described.' Positive control slides were stained either with convalescent antisera from a sow (VNT titer 1:256) or a monoclonal antibody to the VR-2332 isolate of SIRS virus (Nelson and Benfield, personal observation).
Size estimate of isolate VR-2332. Clarified-infected cell culture supernatants were filtered through 0.45-, 1 0.20-, 1 0.10-, m and O.O5-m µm filters. The infectivity titer before and after filtration was determined using a microtiter assay and a previously described method. 5 A 100-fold reduction in infectivity titer was considered significant.
Gradient purification of isolate VR-2332. The VR-2332 isolate of SIRS virus from clarified culture supernatant was concentrated by centrifugation (Beckman SW 41 Ti rotor n ) at 200,000 x g at 4 C for 16 hr through a discontinuous sucrose gradient consisting of 2 ml of 20, 30, 40, 50, and 65% sucrose (wt/vol) in TNC buffer (10 mM Tris, 100 mM NaCl, and 2 mM CaCl, pH 7.8). Culture supernatants were also extracted with 1,1,2-trichlorotrifluoroethane; o concentrated by ultracentrifugation at 100,000 x g at 4 C for 1 hr; and purified on cesium chloride density gradients (1.20 g/ml) as described for the sucrose gradients. Fractions from either gradient were harvested from the top, the refractive index determined using a refractometer and selected fractions diluted in Hank's balanced salt solution for virus titration.
Chloroform andjluorocarbon inactivation. Equal volumes
of SIRS virus (VR-2332) and chloroform were mixed periodically for 30 min at ambient room temperature and then centrifuged at 500 x g at 4 C for 15 min. Similarly equal volumes of 1,1,2-trichlorotrifluoroethane o and SIRS virus were mixed on a vortex for 5 min and centrifuged as described for the chloroform-treated virus. After centrifugation, the aqueous phase of each treated sample was harvested and diluted, and a microtiter assay was used to determine the remaining virus infectivity. A 100-fold reduction in titer of treated compared with untreated virus was considered significant.
Effects of inhibitors of DNA viruses on isolate VR-2332. The compounds 5-bromo-2-deoxyuridine (BUDR) and mitomycin C are known inhibitors of the replication of DNA viruses but do not inhibit RNA viruses, with the exception of the Retroviridae. 6, 12 Pseudorabies and poliovirus were used as the known DNA and RNA virus controls in this experiment. Cells (CRFK, MA-104, or CL262 1) were seeded in 96-well microtiter plates, and duplicate wells were inoculated with 100 µ1 of 10-fold dilutions of pseudorabies virus, poliovirus, or SIRS virus, respectively. After a 1-hr absorption period at 37 C, media containing unabsorbed virus was removed and replaced with either MEM (untreated virus controls), MEM supplemented with 40 or 150 µg/ml of BUDR, or MEM containing 2, 10, or 20 µg/ml of mitomycin C. Microtiter plates were incubated at 37 C for an additional 4 days and examined by light microscopy for CPE; virus titer was calculated as described previously. 5 A 1,000-fold reduction in virus infectivity titer compared with the untreated control was considered significant.
Temperature stability of SIRS virus. A 2-ml aliquot of virus in MEM was incubated either at 4 C or in water baths at 37 and 56 C for at least 5 days. Aliquots from each tube at the 3 different temperatures were collected at 15, 30, 60, and 120 min and then at 12-hr intervals from 12 to 120 hr. Virus samples were diluted 10-fold in MEM, and virus titers were calculated as described above.
Results

Cytopathic effect of isolate VR-2332 on CL2621 cells.
The CPE started as small rounded clumps of cells, which appeared to be raised above the remainder of the uninfected monolayer (Fig. 1B) . The number of rounded cells increased, and many cells became pyknotic and detached from the monolayer within 2-4 days PI. By 5-6 days PI, CPE was evident in 100% of the monolayer. Infectivity titers varied from 10 5 to 10 7 TCID 50 /ml on the fifth and seventh serial passage of virus, respectively. No CPE was observed in uninoculated CL2621 cells (Fig. IA) .
Fluorescence was not observed in uninoculated CL2621 cells ( Fig. 2A) . Figure 2B demonstrates the intense, diffuse fluorescence observed in the cytoplasm of inoculated CL2621 cells stained with either convalescent sow sera, rabbit antisera, or monoclonal antibody (prepared to the VR-2332 isolate of SIRS).
Effects of lipid solvents on the infectivity of SIRS virus (isolate VR-2332). Pretreatment of virus with chloroform eliminated infectivity (titer reduced from 10 5 to < 10 1 TCID 50 /ml), whereas fluorocarbon treatment had no significant effect.
Hemagglutination. Virus did not hemagglutinate 
Estimation of the size of the SIRS virus by filtration.
Virus titers were unchanged after filtration through 0.45, 0.20., and 0.10-pm filters. However, infectivity titers were reduced 1,000-fold (from 10 5 to 10 2 TCID 50 / ml) after passage through a 0.05pm (50-nm) filter.
Effects of DNA inhibitors on replication of the SIRS virus. Only the infectivity of the DNA (pseudorabies)
virus was reduced by either BUDR or mitomycin C. The replication of poliovirus (RNA control) and isolate VR-2332 were not affected, indicating that the genome of the SIRS virus is probably RNA (Tables 1, 2 ).
Virus purification. Virus bands were not detected on sucrose gradients, and peak virus titers (10 4 TCID 50 / ml) were recovered from fractions with buoyant densities of 1.18-1.23 g/ml. This peak virus titer was 1,000fold less than the infectivity titer ( 10 7 TCID 50 /ml) of the virus suspension before purification. Cesium chloride gradients yielded a single faint opalescent band at a buoyant density of 1.18-1.19 g/ml. Peak virus infectivity of 1.3 x 10 6 TCID 50 /ml, which was 130 times higher than peak infectivity from the sucrose gradient, corresponded to this visible band ( Fig. 3 ).
Direct electron microscopy of purified SIRS virus particles. Pleomorphic but predominantly spherical vi-
rions were observed by DEM in the CsCl fractions (1.18-1.19 g/ml). Virions were 48-80 nm (average of 25 particles = 62 nm) in diameter and consisted of complete electron translucent or empty (electron dense center) particles surrounded by a thin membrane or envelope (Fig. 4A) . These particles contained cores that were 25-35 nm in diameter (Fig. 4B) . Virions were immuno-gold labeled if the rabbit hyperimmune an- Table 2 . Titers (TCID 50 /ml) of the SIRS virus, pseudorabies virus (PRV), and polioviruses after treatment with different concentrations of the DNA inhibitor 5-bromo-2-deoxyuridine (BUDR). tisera and the gold-labeled anti-rabbit IgG were used as primary and secondary antibodies, respectively (Fig.  4B ). Virions were not gold labeled in the absence of the rabbit hyperimmune antisera to isolate VR-2332.
Antigenic relationship of SIRS virus to antisera from other viruses. Antisera to known porcine viruses and various togaviruses did not neutralize or react with SIRS virus antigen in infected CL2621 cells. Convalescent sow and hyperimmune rabbit antisera had neutralizing antibody titers of 1:256 and 1:512, respectively.
Effects of temperature on the infectivity of the SIRS virus. Virus infectivity for CL2621 cells was reduced 50% after incubation for 12 hours at 37 C and was completely inactivated after 48 hours of incubation at 37 C and 45 minutes incubation at 56 C (Fig. 5 ). Infectivity was unchanged after 1 month incubation at 4 C or 4 months at -70 C (data not shown). Lung tissue collected from gnotobiotic pigs infected with SIRS virus and homogenized in Hank's balanced salt solution retains infectivity for pigs for at least 18 months (Benfield and Nelson, personal observation).
Discussion
Before we began characterization of the VR-2332 isolate of SIRS virus, we established that this virus caused clinical signs and pulmonary lesions in gnotobiotic pigs and reproductive failure in pregnant sows similar to those effects seen in field outbreaks of the disease (Christianson et al.: 1991, Abstr Conf Res Workers Anim Dis #269). 2, 3 Results from serologic surveys indicated high levels of seroconversion to the VR-2332 isolate of SIRS virus in herds with a history of SIRS showing electron-dense core (arrows), and the other 2 particles are complete. Bar = 100 nm. B. Immuno-gold electron microscopy of SIRS virus with hyperimmune rabbit sera and anti-rabbit IgG labeled with gold particles. Note presence of core particle approximately 25-30 nm in diameter within the virion. Bar = 50 nm. outbreaks. 10 Collectively, these results provided strong evidence that the cytopathic VR-2332 isolate of SIRS virus is the etiologic agent of SIRS in the United States.
Results of our characterization studies indicate that isolate VR-2332 is a fastidious nonhemagglutinating enveloped RNA virus, which we have tentatively classified as a non-arthropod-borne togavirus belonging to an unknown genus. These properties are similar to those described for isolates ofporcine reproductive and respiratory syndrome (PRRS) virus in The Netherlands, Germany, England, Spain and Belgium. 4, 16 The Netherlands and German isolates of PRRS virus are also enveloped RNA viruses, which have been classified as a non-arthropod-borne togavirus in the genus Arterivirus. However, the SIRS virus was not neutral-ized and virus antigens were not detected by ImF with antisera to the known viruses in each of the following genera of the Togaviridae: 11 Alphavirus (equine encephalitides), Rubivirus (rubella virus), Pestivirus (bovine virus diarrhea virus, hog cholera virus), Arterivirus (equine arteritis virus), and the ungrouped lactic dehydrogenase virus of mice. Because viruses in different genera of the Togaviridae usually share group antigens detected by ImF or immunodiffusion, 7,8 our negative ImF results indicate that the SIRS virus does not possess a group antigen antigenically similar to those of viruses in the known genera of the Togaviridae. Thus, the SIRS virus may represent an unidentified genus of the Togaviridae. The SIRS virus is also not a known pathogen of swine, because specific antisera to several viral pathogens of swine failed to either neutralize the SIRS virus or detect SIRS antigens in infected cells. These results confirm those previously reported for The Netherlands isolate of PRRS virus, which also did not react with antisera to several known viruses of swine. 16 The SIRS virus, like PRRS virus, is fastidious. Only primary porcine macrophage cultures are useful for replication of The Netherlands and German isolates of PRRS virus, 4, 16 whereas the SIRS virus grows in the continuous cell line CL2621. Our results represent the first report confirming the propagation of this virus in a stable cell line. Although swine testis, swine dermal, and PSEK cells may also be used for isolates of PRRS virus, the virus titers are lower than those in macrophage cultures. 4 In contrast, the SIRS virus grows to high titers (10 7 TCID 50 /ml) on CL2621 cells.
The complete loss of infectivity of the SIRS virus following pretreatment with chloroform confirms pre-vious reports from Germany 4 and The Netherlands 16 that these viruses are enveloped. Using DEM, we also visualized an electron-translucent ring, which is probably the lipid envelope, surrounding the empty virus particles. The morphology of the SIRS virus is not distinctive on DEM. and is difficult to identify in preparations containing cellular debris. We identified SIRS virions only after extensive virus purification and immuno-gold labeling of the virions with anti-SIRS hyperimmune sera and gold conjugate. The buoyant density (1.18-1.19 g/ml) of the SIRS virions in the CsCl gradients corresponds to the 1.19 g/ml density of The Netherlands isolate of PRRS virus. 16 Sucrose gradients consistently resulted in loss of virus titer and were therefore not suitable for purification. The morphology of the gradient-purified SIRS particles and the average diameter of 62 nm are very similar to virions of equine arteritis, which has a reported diameter of 50-73 nm, 7, 8 similar to the 48-84 nm size for the SIRS virus. We also observed 25-30-nm cores in several particles, which resembled the nucleocapsid cores described for equine arteritis virus. 7 , 8 The isolates of PRRS virus have also been reported of similar size, 55-65 nm in diameter with a 30.nm core. 4 Although morphologically the SIRS virus closely resembles the arteriviruses, we defer placing isolate VR-2332 in a genus until additional information on the RNA and protein structure are available. The SIRS virus and The Netherlands and German isolates of PRRS viruses have similar characteristics and may be representatives of the same group of viruses. Studies to compare the SIRS and PRRS viruses are now in progress.
The presence of an RNA genome of the SIRS virus was confirmed by the ability of this virus to continue to replicate in the presence of BUDR and mitomycin C, which are known to inhibit the replication of DNA and one family of RNA viruses (Retroviridae) 6, 12 but not other RNA viruses. Our provisional classification of the SIRS virus as an RNA virus is supported by the observation that this virus replicates in the cytoplasm of the cell, as indicated by the presence of virus antigens detected by ImF.
The VR-2332 isolate of SIRS virus is heat labile but relatively stable for long periods at 4 and -70 C. The thermolability of this virus at 37 C has practical applications for propagation of the virus, suggesting that growth at temperatures lower that 37 C will produce higher virus yields. Refrigeration is sufficient for preservation of diagnostic specimens for virus isolation for short periods, otherwise the sample can be frozen for several months or longer.
Recently, we and others have isolated similar viruses from additional outbreaks of SIRS. Studies are now in progress to compare these new isolates to the ATCC VR-2332 prototype of SIRS virus in the United States.
